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ABSTRACT 
 

     The effects of the placement of the inlet to the computational domain are examined 
for the case of alternative k-ε models applied to the prediction of vortex shedding from 
square-sectioned cylinders. Typically, the distance from the inlet boundary to the cylinder 
is selected by the experience of the user, guided by the requirement that it should be 
sufficient as to not affect the computed results. However, the consequences of this 
distance not being either insufficiently long, or excessively long are rarely discussed. Also 
rarely discussed are the effects on the predicted aerodynamic loads on the cylinder of 
the assumed inlet distribution of parameters such as k, ε and the turbulent viscosity νt. In 
this study, we consider the case of flow around a square-sectioned cylinder at the 
relatively high Reynolds number of 6x104. Twelve cases in which the inlet was placed at 
distances in the range 1D – 12D (where D is the cylinder height) are considered in 
conjunction with four different k-ε models. These included the standard model, and the 
RNG, Realizable and Modified variants. The resulting development of k, ε and νt in the 
region between the inlet boundary and the cylinder is analyzed and is compared with 
results from a proposed analytical method. The results show that: i) the standard model 
exhibits the same trends with regards to the dependence of the aerodynamic loads on 
the inlet location as with the other variants, however it seriously under-predicts their 
magnitudes due to its inability to capture the occurrence of vortex shedding; ii) the profiles 
of k and ε near the inlet are directly determined by the inlet condition, and their 
subsequent decay agree well with the analytical results up to the location where the 
effects of the cylinder are felt, iii) Locating the inlet at a distance of 12D is recommended 
as the error caused by it will be below 1% while using a much longer inlet distance (e.g. 
20D to 200D) is unnecessary and may even result in larger errors as well as an 
unnecessary increase in the computational cost. 
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1. INTRODUCTION 
 
     In this study, we address a specific issue that arises when computing the flow 
around a bluff body in a uniform stream. Specifically, where to place the body with respect 
to the inlet to the computational domain. We refer to this distance as Xi which is typically 
taken to be the distance from the inlet to the center of the cylinder. An impression of the 
wide range of values that have been assigned to this distance can clearly be seen from 
Fig. 1 where this parameter (non-dimensionalized by the width of the bluff body) is plotted 
against Reynolds number in studies using in RANS and LES. 

 

Fig. 1 Inlet placement of computational data 
 

It is immediately evident that the range of Xi values used is very large, with values 
reported in the 3.9 < Xi/D < 76, especially for the cases with typical Reynolds number 
around 104~105. Generally, Xi needs to be large enough to eliminate its effects on the 
computed aerodynamic forces, but the extent to which it can be large without being 
unnecessarily excessively so does not seem to have received much attention to date.  

In the next section, we first introduce the governing equations for both the RANS 
and the LES approaches, and briefly present the computational details used in this study. 
The computational domain and the boundary conditions are presented, and the 
performance of the different approaches to the representation of turbulence is 
demonstrated for the case of vortex shedding from a typical bluff body. Next, the effects 
of Xi on the aerodynamic forces, and the mechanism behind it including the distribution 
of velocity, k and ε is examined in section 3.  
 
2. GOVERNING EQUATION 
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     The k-ε model is widely used in engineering applications. In this study the standard 
k-ε model and three of its variants are considered. Additional results were obtained using 
LES for verification. 
 
     2.1 Governing Equation 

The governing equations of k-ε model are: 
2
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where Pk is the production of the turbulence kinetic energy =2k t ij ijP S Sν .  
One of the variants considered, hereafter referred to as the Modified model, takes 

into the account the direct input of energy in the turbulence energy spectrum at the 
Strouhal frequency (Younis and Przulj 2006). It was achieved by redefining the coefficient 

1C ε  in Eq. (3) by variable correction factor T. The second and third variants are the RNG 
(Yakhot 1986) and the Realizable (Yakhot 1986, 1992) models, which have been shown 
to yield improvements in a range of relevant flows. 

The coefficients in the standard model and variants are listed in Table (1). 

Table. 1 Coefficients of the k-ε models considered 
 

k-ε Model C µ  1C ε  2C ε  tC  kσ  εσ  R 
Standard 0.09 1.44 1.92 0 1.0 1.3 0 
Modified 0.09 1.44T 1.92 0.38 1.0 1.3 0 

RNG 0.0845 1.42 1.68 0 0.718 0.718 Eq. (5) 
Realizable Eq. (9) Eq. (7) 1.9 0 1.0 1.2 0 

 
In Table (1), the term T that is used in Modified model is given by: 
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where Q is the mean-flow kinetic energy. The term R in the RNG model is given by: 
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where β =0.012 and 
0

η =4.38. 
     In the realizable model, the source term in the Eq. (3) is written as: 
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where 2 ij ijS S S=  and 1C ε  is a variable expressed as 
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where η  is 

= Skη
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     And coefficient of C µ  is also a variable: 
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where 0A  is constant of 4.0, SA  is determined by 
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and (*)U  is determined by 
  (*) , 2 ,ij ij ijij ij ij ijk k ij ijk kU S S ε ω ε ω= + Ω Ω Ω = Ω − Ω = Ω −      (11) 

     Briefly, the instantaneous governing equations of Large-Eddy Simulation (LES) 
approach are: 
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     We use the Smagorinsky model for the sub-grid scale stress: 
2 ijij sgs Sτ ν= −            (15) 

where sgsν  is the turbulent eddy viscosity and ijS  is the resolved strain rate tensor. The 
turbulent eddy viscosity is obtained from 

( )2sgs SC Sν = ∆           (16) 
where ∆  is a length scale obtained from 

( )=
1

3
x y z∆ ∆ ∆ ∆            (17) 

is used, where , ,x y z∆ ∆ ∆  is the grid spacing in x, y, z, respectively. 
The eddy-viscosity closures are based on Boussinesq’s assumption of a linear 

stress-strain relationship: 
2

2
3

i j t ij iju u S kν δ− = −           (18) 

where ijS  is the mean rate of strain: 
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     The aerodynamic forces are represented by the lift coefficient LC  and the drag 
coefficient DC ： 
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An example of flow over square cylinder using the above five turbulent models is 
shown in Fig. 2 (dimensionless time 0*t tU D= ). All four models and LES model are seen 
to yield the expected behavior in the lift and drag coefficients, except for the Standard 
model which fails to reproduce vortex shedding of sufficient strength – a results that has 
been observed in all previous studies of this flow. The contours of vorticity (made non-
dimensional as 0* /v vD U= ), plotted at maximum lift force are shown in Fig. 3. The 
insensitivity of the standard model are quite apparent.  

 

 

Fig. 2 History curve of aerodynamic forces of lift coefficient and drag coefficient of flow 
over square cylinder 
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Fig. 3 Contour of vorticity of different turbulent models at maximum lift, -4<v*<4: (a) 
standard k-ε, (b) modified k-ε, (c) RNG k-ε, (d) Realizable k-ε, (e) LES 

 
2.2 Computational details 
We performed all the calculations using the open source CFD software OpenFOAM. 

Turning to details of the discretization schemes, a second-order accurate backward 
differencing scheme is used for time integration. The time-step size was restricted 
according to the Courant - Friedrichs - Lewy number (CFL) equals to 0.6 to ensure time 
accurate and stable results. In this work, SC  was set equal to 0.20 for the Smagorinsky 
LES model. Following the usual practice, we use the van Driest’s damping function to 
bring about the correct behavior: 

( ) ( )2 /1 y A
sgs SC S eν

+ +−= ∆ −  

where Tu y
y

ν
+ =  is the non-dimensional wall distance and 26A+ = . 

Equations (1)-(19) of the k-ε model and the LES models were solved by the finite volume 
methodology incorporated in OpenFOAM. The Laplacian terms were discretized using 
the Gauss linear corrected scheme, while the convective fluxes were approximated using 
the Gauss limited linear V integral discrete lattice. The temporal terms were discretized 
by using the Euler scheme. The PISO algorithm (Pressure Implicit with Splitting of 
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Operators) originally suggested by Issa (1986) was used to couple the solution of the 
continuity and momentum equations. The convergence criterion for the iterative solution 
procedure at each time step was set to be when the normalized residuals fell below 10-

6. A multi-block solution methodology was adopted that the computational domain was 
subdivided into a number of blocks to obtain computational efficiency. 
 

2.3 Computational models 
The width of the cross section of the sharp-cornered square cylinder which is the 

focus of the present study is D = 0.05m. In order to simplify the presentation, all 
dimensions are referenced to D. As shown in Fig. 4, the width of the computational 
domain was 24D with blockage ratio Bf = 1D/24D = 0.04167 which was found by Younis 
and Przulj (2006) to eliminate the influence by the blockage. The distance from the center 
cylinder to the outlet is 30D, which was found to eliminate the boundary effects. 

 

Fig. 4 Computational domain and boundary conditions 
 

The distance from the inlet to the cylinder Xi is the focus of the present study as 
shown in Fig. 4 (a). The center of the square cylinder was located at x = Xi, and y = 12D; 
the computational models use orthogonal mesh, with 43 cells in contact with each side 
of cylinder wall as shown in Fig. 4 (b). The cells of computational models are summarized 
in Table (2). 

Table. 2 Computational models 
 

Model Xi cells Model Xi cells 
1 1D 25,312 7 8D 30,807 
2 2D 27,353 8 10D 31,278 
3 3D 28,452 9 12D 31,749 
4 4D 29,080 10 15D 32,220 
5 5D 29,708 11 20D 33,319 
6 6D 30,022 12 200D 68,487 

 
The cylinder walls were taken to be smooth with the no-slip boundary condition 

imposed on the velocity components, while both k and ε were specified based on local 
equilibrium assumptions. The top and bottom boundaries were treated as planes of 
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symmetry, while the flow at exit from the domain was treated as being fully developed 
and hence all streamwise gradients were set equal to zero. Similarly, the normal 
gradients were set equal to zero at the side planes. 

At the inlet, uniform profiles of the streamwise velocity U were set according to the 
relevant Reynolds number. The value of k was based on the inlet turbulence intensity Tu 
of 0.5%, that is ( )20

3

2
uk T U= . This value is representative of those reported in many 

experimental studies. The Reynolds number is set equals to 46 10× , which is also 
representative of typical experimental study and is the same as experiments by Tamura 
(1998). The dissipation rate ε can be obtained from eddy viscosity tν  or its ratio to 
viscosityν ; and in this study equation proposed by Younis and Przulj (2006) was applied: 
( )

0
/ 0.22t uT Reν ν ≈          (20) 

     The input parameter at inlet is listed in Table (3). As many studies of flow over 
cylinder is based on water, the input parameter for water is also added in Table 3 and 
the effect of different fluids on the results of force on the cylinder will be discussed in next 
section. 

Table. 3 Inlet parameters 
 

Fluid ρ (kg/m3) μ (kg/m∙s) U 
(m/s) 

( )
0

/tν ν  Tu k (m2/s2) ε (m2/s3) Re 

air 1.2 1.8e-5 1.2 66 0.5% 0.01215 0.01342 6x104 

water 1000 1e-3 18 66 0.5% 0.000054 3.97636e-6 6x104 
 

2.4 Effect of fluids properties 
Four typical results of aerodynamic/hydrodynamic force are compared with Xi 

equals to 12D: average drag coefficient DC  , Strouhal number St , r.m.s. value of lift 
coefficient 'LC  and drag coefficient 'DC . As shown in Fig. 5, we can see although there 
are differences between different turbulent models, for the same turbulent model, the 
results between air and water are almost identical, with most of the differences being in 
the1.0% range. It should be noticed that, to make the results comparable, except setting 
the same Reynolds number, the viscosity ratio ( )

0
/tν ν  and turbulent intensity Tu should 

be same to make the free flow at the inlet under the same condition. 

 

Fig. 5 Results of aerodynamic and hydrodynamic forces by using air and water 
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3. Effect of inlet placement Xi 
 

3.1 Aerodynamic forces 
The results of aerodynamic forces of models with different Xi are shown in Fig. 6. 

Overall, the aerodynamic forces including mean drag force and lift force decreases 
markedly from 1D to 10D of Xi. The results of all of the variants of the k-ε and the LES 
models give results larger than the standard model. The mean drag force of the standard 
model also decreases when Xi is increasing; however its lift coefficient changes little 
because the fluctuation of the flow behind the cylinder is very small, as shown in Fig. 3 
(a). 

 

Fig. 6 Variation of aerodynamic force with Xi: (a) DC , (b) 'LC , (c) error of DC , (d) error of 
'LC  
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( ) ( )
( )
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1

C j C j
Error

C j

− −
= ×

−
        (22) 

where C(j) is the aerodynamic forces of model j, which can be DC  and 'LC ; j is the 
model number from 2 to 12 as shown in Table (2). Negative of value means decreasing 
and the positive means increasing. 

It can be seen in Fig. 6 (c) that the errors in the mean drag force become small as 
Xi increases When Xi approaches 12D, the error falls to below 1% and remains small 
as with further increase in Xi. And it should be noticed that if Xi becomes very large, e.g. 
200D, the variation of mean drag force appears larger due to the change of property of 
the free flow. 
     The variation of the lift coefficient is almost the same as that of the mean drag 
force, while the randomness of the results is relatively larger, as shown Fig. 6 (d). 
Generally, the errors become small for values of Xi of around 12D. 

 

Fig. 7 Average pressure coefficient at the front and back faces. 
 
     The aerodynamic force is the difference of the integration of pressure of two 
opposite faces of the cylinder. The distribution of time-averaged pressure on the front 
and rear faces of the cylinder is shown in Fig. 7. In this study, non-dimensional 
pressure coefficient is used, which is given by: 
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p p Uρ=            (23) 

where p is the pressure. 
     It is noticed that the front face is under positive force and the rear face negative 
force, and both of them contribute to the drag force on the cylinder. When the Xi is 
small, e.g. Xi=1D, both of the positive force on the front face and negative force on the 
rear face increase dramatically. And with the increase in of Xi, both of the forces 
decreases and tend to be stable, which explains the trends of the mean drag coefficient 
shown in Fig. 6. 
     Further, the negative force on the rear face periodically changes with the 
occurrence of vortex shedding while the positive force on the front face is relatively 
stable, which is corresponds to the gradient of velocity along the stream direction. The 
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distribution of the pressure coefficient p* and the relative velocity U/U0 are shown in 
Fig. 8. When Xi is very short, the pressure gradient near the front face of cylinder is 
very large; while when Xi becomes larger the distribution of p* will trend to stable. And 
the distribution of pressure is related to the gradient of velocity as shown in Fig. 8 (b). 
Because the flow has to decrease from U0 at the inlet to zero at the front face of 
cylinder, a very short Xi (e.g. Xi=1 and 3) will render the gradient very substantial. For 
larger values of Xi,, the gradient of velocity changes very little as the flow near the inlet 
will remain unchanged until it goes into the range around 12D from the cylinder. 

 

Fig. 8 Distribution of velocity and pressure from the inlet to the front face of the cylinder 
(x=0.5D) along the central line 

 
     An exception of cases is the lift coefficient obtained using the Realizable k-ε with 
Xi equals to 1D, as shown in Fig. 6 (b). Its value is smaller than that of Xi equals to 2D. 
The contours of vorticity of model with Xi=1D are shown in Fig. 9. We can see the flow 
structure of the Modified, RNG k-ε and the LES models are similar to that of Xi=12D as 
shown in Fig. 3, with large vortex obtained at the rear face of the cylinder. However, the 
flow simulated using the Realizable k-ε detached from the leading corners and 
interacted at location at far downstream which makes the vortex shedding weaker and 
this results in lower lift. 
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Fig. 9 Contour of vorticity of Xi=1D at maximum lift, -4<v*<4: (a) modified k-ε, (b) RNG 
k-ε, (c) Realizable k-ε, (d) LES 

 
The distribution of the pressure coefficient p* is shown in Fig. 10. Both of top and 

bottom sides are mainly subject to negative pressure, and for the top side where vortex 
is yielded as shown in Fig. 9, larger pressure is predicted by the Modified, RNG k-ε and 
the LES models. Consequently, large lift is obtained as a result of pressure difference 
between the top and bottom sides. The Realizable k-ε model yields pressure of little 
difference between the top and bottom sides for the Xi=1D case, and small lift 
coefficient was obtained as shown in Fig. 6 (b). 

 

Fig. 10 Pressure distribution of Xi=1D at maximum lift: (a) top side, (b) bottom side 
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3.2 Behavior of the incident flow 
The above analysis have shown that the results for the aerodynamic forces will be 

independent from Xi when it is larger than 12D. However, when Xi becomes much longer, 
e.g. 200D, larger randomness appears as that shown with dash line in Fig. 6 (c). As the 
physical effect can be excluded when Xi is larger than 12D, the variation of computational 
parameters like ( )

0tv ν  and k are of the central concern in this section. 
For the k-ε model, to define a unique incident flow, except the Reynolds number, 

two more parameters need to be determined at the inlet, e.g. k0 and ε0. As the precise 
values of k and ε depend on the flow conditions that prevail at the time of the experiments, 
they are generally specified based on the dimensionless parameter ( )

0tv ν  and the 
turbulent intensity Tu. As shown in Table (3), using the same parameters of Re, ( )

0tv ν  
and Tu, identical results can be obtained although the velocity and medium of the incident 
flow are different. On the other hand, if the property of the incident flow from the inlet 
changes a lot compared to the initial condition that may affect the final results. 

To predict these variations in range of the incident flow, assuming the gradients of 
the mean velocity changes small, so Pk, the rate of production of k, is negligibly small. 
Under these conditions, Eqs. (2) and (3) reduce to the form: 

0

d

d

k
U

x
ε= −           (24) 

2

0 2

d

d
U C

x kε
ε ε

= −       (25) 

     Assume that the length scale (L) remains constant and equals to its value at inlet: 
3/2

0

0

k
L C µ ε
=       (26) 

With this assumption, Eqs. (13) and (14) becomes: 
3/2

0

d

d

Ck
k

x LU
µ= −       (27) 

2/3

4/3

2

0

d 1

d

C
C

x U L
µ

ε
ε ε

 
= −  

 
      (28) 

     The exact solutions are: 

( )
0

0 0

4

1 / 4

k
k

ak x ax k
=

+ +
      (29) 

( ) ( )( )
0

1/3 2/32 2

0 0 0

27

9 1 27 1 / 4b x b x bx

ε
ε

ε ε ε
=

+ + + +
      (30) 

where ( )3/2

0 0 0a U kε= , ( )2/3

2 0 0 0b C U kε ε= . 
Spalart (2007) proposed equations of free decay for problems of flow approach to 

the aircraft. The results calculated by the equations will be compared for verification. The 
forms of equations of Spalart (2007) are as follows: 

( )
2

1

1

21 1
C

FS

FS

x
k k C

k U

ε

ε
ε

−
−  = + −  

  
      (31) 
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( )
2

2 1

21 1

C

C

FS
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x
C

k U

ε

ε

ε
εε ε

−
−  = + −  

  
      (32) 

where FS is applied as the initial condition at the inlet in present study. 
     An additional model of Xi=12D was built only without a cylinder to provide 
comparative results.  
     The distributions of k and ε of Xi=12D model are shown in Fig. 11. Relative values 
of 0/k k , 0/ε ε  (evaluated with respect to the condition at the inlet) are considered. It is 
noticed that k and ε are directly determined by the inlet condition and that they decay 
until the flow begin of feel the presence of the cylinder via changes in the pressure field, 
and increases in the magnitude of the irrotational strains. The results of the present 
analytical solution agrees well with simulation results and equations of Spalart (2007). 

 

Fig. 11 Variation of k and ε of Xi=12D model 
 
     Because the range of the incident flow for the Xi=12D model is properly set, the 
free decay is limited. When Xi becomes larger, the decay of k and ε will be evident. The 
distribution of k and ε are shown in Fig. 12. It can be seen these values can be decreased 
by about 40% before the flow begins to interact with the cylinder. Because the decrease 
of k indicates a corresponding decrease of Tu, both the experimental data and the 
computed results show that a smaller Tu will yield larger drag force and lift force. 
However, although randomness appears in present work as shown in Fig. 6 (c), the order 
of magnitude of the error is much smaller than that of k or Tu. This is due to the decrease 
in ε and thus ( )

0tv ν  also is different from the value specified at the inlet. And because 
the property of the incident flow is defined by the values of Reynolds number, the 
turbulent intensity and the turbulent viscosity ratio, when Xi becomes very large, the 
decay of the k and ε will make these values change quite significantly. In other words, 
the flow that actually makes a difference in the computed aerodynamic forces is in fact 
quite different from the flow specified at inlet to the computational domain. 
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Fig. 12 Variation of k and ε of Xi=200D model 
 
4. CONCLUSIONS 

 
The effect of inlet placement on the vortex shedding analysis is discussed in this 

study, based on CFD and fundamental analysis. Several variants of the widely-used k-ε 
model including the Modified, RNG, and Realizable, and the LES models were assessed 
with respect to the benchmark flow around a sharp-cornered square cylinder. Short inlet 
placement in terms of the distance Xi will result in larger aerodynamic force due to the 
generation of excessive velocity gradients. The Realizable k-ε model yields smaller lift 
force for Xi=D due to the prediction of weak vortex shedding. Xi of 12D is suggested, 
which the error of results will be below 1%. Reynolds number, turbulent intensity and 
turbulent viscosity ratio can sufficiently define a unique incident flow, although the velocity 
or the fluid medium may be different. The specification of excessively large Xi is not 
necessary as that will result in large decay of k and ε, and make the results unstable with 
larger error due to the actual incident flow being different from that specified at inlet. 
Although there are differences in the values of the aerodynamic forces predicted using 
the different turbulence models, the conclusions and recommendations arrived at here 
provide a useful guidance that is applicable for each model. 
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